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Field observations have shown apparent competition between Pyramimonas parkeae Norris et Pearson and 
Tetraselmis apiculata (Butcher) Butcher in tidal pools. To test this, growth studies on both algae in unialgal and 
bialgal batch culture were undertaken. Growth in bialgal culture revealed distinct interactions between the two 
species. In bialgal cultures both P. parkeae and T. apiculata had increased growth rates compared with unialgal 
cultures. In addition, interactions between the two species in bialgal culture caused either a decrease (P. 
parkeae) , or an increase (T. apiculata) , in the yield and day-21 count compared with the same growth 
parameters measured in unialgal culture. Possible mechanisms of interaction between P. parkeae and T. 
apiculata are discussed. 
Veldproewe het moontlike kompetisie tussen Pyramimonas parkeae Norris et Pearson en Tetraselmis 
apiculata (Butcher) Butcher in getypoele aangedui. Om hierdie aspek toe te lig is groeistudies met beide alge in 
enkel- en tweevoudigespesieskulture uitgevoer. Tweevoudigekulture het kenmerkende groei-interaksies 
tussen die twee spesies aangetoon. Met sodanige kulture is die groeitempo van beide P. parkeae en T. 
apiculataverhoog in vergelyking met enkelkulture. Verder het interaksies tussen die twee spesies in tweevou-
digekulture of 'n afname in (P. parkeae), of 'n toename in (T. apiculata), die opbrengs en 21-dae telling teweeg-
gebring wanneer hierdie parameters vergelyk is met die wat verkry is met enkelkulture. Moontlike meganismes 
van interaksie tussen P. parkeaeen T. apiculataword bespreek. 
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Introduction 
Competition between species may take one of two fonns, 
these being interference (or contest) and exploitation (or 
scramble) competition (Smith 1986). Interference competi-
tion is regulated by direct interactions between competing 
species, while exploitation competition is the result of the 
common affinity of species for one or more limiting 
resources (Rijstenbil 1989; Smith 1986). Exploitation 
competition in microalgae may take the fonn of competition 
for nutrients (Tilman 1981; Titman 1976), as well as 
competition for light, CO2, etc. Interference competition may 
result inter alia from the production of toxic metabolites 
(Murphy et al. 1976; Patterson & Harris 1983; Rijstenbil 
1989) or vitamin-binding factors (Messina & Baker 1982; 
Provasoli & Carlucci 1974) by one or more competing 
species, or as the result of algal-induced changes in the pH 
(Kroes 1971). 
Pyramimonas parkeae and Tetraselmis apiculata are 
quadriflagellate green microalgae in the class Prasinophy-
ceae. Both species have been found in tidal pools along the 
south-eastern coast of South Africa. P. parkeae and T. 
apiculata (or other Tetraselmis species) frequently coexist in 
unpolluted pools in the upper intertidal region. These pools 
are often situated high enough on the shore to be flushed only 
at or near spring tide. Occasionally the pools which contain 
the two species are enriched with organic matter (discarded 
bait or food, goat or cattle faeces, guano, etc). The increase in 
nutrients associated with such organic pollution generally 
results in dense, almost monospecific populations of 
Tetraselmis spp. Under these enriched conditions, it is rare to 
find even low numbers of P. parkeae coexisting with 
T etrase/mis spp. 
The present study was initiated to examine the hypothesis 
that in nutrient-enriched conditions T. apiculata outcompetes 
P. parkeae. We investigated the growth of the two species in 
mixed batch culture in enriched seawater medium, and tested 
the effect on each alga of both the presence and the 
abundance of the second species. 
Materials and Methods 
The phytoflagellates used in this study were collected in 
adjacent tidal pools at Great Fish Point on the south-east 
coast of the Cape Province, and were identified using light 
and electron microscopy as P. parkeae and T. apiculata. The 
algae were concentrated by phototactic migration, after which 
clonal cultures of both species were established by single-cell 
isolation (modified after Hoshaw & Rosowski 1973). Clonal 
cultures were maintained at room temperature (18°C - 2S°C) 
in sterile Provasoli's enriched seawater (pES; after 
McLachlan 1973) in 2S0-ml Erlenmeyer flasks under an 
incandescent 100-W bulb. 
Experimental cultures were grown in capped 2S-ml boro-
silicate test tubes in glass baths at a constant temperature of 
2SoC, and were irradiated at a photosynthetic photon flux 
fluence rate (PPFFR) of ISO iJ.E m·2 S·1 in a 16/8 LD 
photoregime from four 7S-W fluorescent tubes. The salinity 
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Table 1 Species ratios used in the 
inocula of the five sets of growth conditions 
tested in this study 
Inoculum Number of 
Treatment species ratios replicates 
P IOO 100% P. parkeae 12 
0% T. apicuiala 
P15 :T25 75% P. parkeae 3 
25% T. apicuiala 
Pso:Tso 50% P. parkeae 12 
50% T. apicuiala 
P25 :T15 25% P. parkeae 3 
75% T. apicuiala 
TlOo 0% P. parkeae 12 
100% T. apicuiala 
of the growth medium was 33 %0. All cultures were agitated 
and aerated every second day. 
All experimental cultures contained 20 ml of PES and were 
inoculated with exponentially growing aJ.gae to attain a total 
cell concentration of 2 800-2 900 cells mrl. The combina-
tions of algae used to inoculate experimental cultures are 
given in Table 1. Cultures containing one algal species will 
hereafter be called unialgal cultures, while cultures 
containing both algal species will be called bialgal cultures 
(sensu Li 1984). 
Cultures were sampled every second day for 12 days and 
again after 21 days. Experimental cultures were agitated for 
10 sec with a Whirlimixer and aspirated three times with a 
pasteur pipette before sampling in order to obtain a homogen-
ous distribution of cells. After differential staining with 
0.13% (w/v) aqueous methylene blue, cells were counted in a 
O.I-mm deep Gallenkamp MNK-400-H haemocytometer 
with improved Neubauer rulings. 
The specific growth rates, yields, relative lag phase decline 
(explained below) and day-21 counts of both species were 
used as measures of algal response to the different experi-
mental conditions. The definition of the specific growth rate 
is given in Fogg (1975). The specific growth rate, hereafter 
referred to as SGR, was calculated by using linear regression 
to fit a straight line to four consecutive data points in the 
exponential growth phase. Where four successive points 
lacked linearity and would have introduced obvious error into 
the SGR calculations, three consecutive points, which always 
included values from day 4 and day 6, were used instead. The 
yield was the maximum cell density of the culture over time, 
and the day-21 count was the cell density after 21 days of 
growth. The relative lag phase decline, hereafter referred to 
as RLPD, was the relative decrease in cell number from day 0 
to day 2, and was calculated as follows: 
No - N2 
RLPD 
No 
where No = initial cell density, 
N2 = cell density after 2 days 
The growth parameters presented for each treatment are the 
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Figure 1 Trends in the growth of P. parkeae ('Y) and T. apicu-
lata (e) in unialgal cultures. 
mean of the replicates of that treatment. All cell count data 
except the data used for the calculation of the RLPD were 
transformed using a logarithmic (base 10) transformation 
before statistical handling (Scheffe 1959; Zar 1974). RLPD 
data were transformed using an arcsine transformation before 
statistical comparisons were made (Venrick 1978; Zar 1974). 
The effects of the different inoculum densities and species on 
the growth parameters were compared using two-way 
analyses of variance and Student-Newman-Keuls multiple 
comparison tests (Newman 1939; Zar 1974). A comparison 
between the SGR of P. parkeae and that of the closely related 
P. pseudoparkeae (data from Aken 1985) was made using 
Student's t-test (Zar 1974). 
Results 
The growth of P. parkeae and T. apiculata in unialgal and 
bialgal culture is shown in Figures 1 to 4. The SGR's, yields, 
RLPD's and day-21 counts for P. parkeae and T. apiculata in 
unialgal and bialgal culture are presented in Table 2. 
Unialgal growth 
In unialgal culture, P. parkeae had a significantly faster SGR 
(0.23 cf. 0.15; P < 0.(01) and a higher yield (5.38 cf. 5.16; 
P < 0.001) than T. apiculata. In contrast, T. apiculata had a 
significantly higher day-21 count than that of P. parkeae 
(5.02 cf. 4.35; P < 0.(01). Both species showed a drop in cell 
concentration during the lag phase (Figure 1). There was no 
significant difference between the RLPD of P. parkeae and T. 
apiculata (0.66 cf. 0.43). In spite of the decrease in lag phase 
cell concentration, the SGR obtained for P. parkeae in 
unialgal culture corresponded to that obtained in previous 
work with P. pseudoparkeae under the same conditions (0.23 
cf. 0.25; P < 0.05; data from Aken 1985). This suggests that 
the low cell concentrations noted during the lag phase did not 
significantly affect the SGR calculations. 
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Fib'lJre 2 Trends in the growth of P. parkeae (T) and T. apicu-
lala (e) in biaJgal cultures grown from an inoculum containing 
25% P. parkeae and 75% T. apiculala (P25:T75 cultures). 
Bialgal growth 
To evaluate the algal response to growth in bialgal culture, 
the growth parameters obtained under such conditions were 
compared with growth parameters from unialgal cultures. 
Growth in bialgal culture resulted in significant changes in 
the SGR's, yields and day-21 counts of both species. 
Growth in bialgal culture had no significant effect on the 
RLPD of either species. P. parkeae's RLPD did not differ 
significantly from that of T. apiculata (0.86 cf. 0.50). The 
day-2 cell concentration of P. parkeae in bialgal culture was 
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Figure 3 Trends in the growth of P. parkeae (T) and T. apicu-
lala (.) in bialgal cultures grown from an inoculum containing 
50% P . parkeae and 50% T. apiculata (P50:T5o cultures). 
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Figure 4 Trends in the growth of P. parkeae (T) and T. apicu-
lala (.) in bialgaJ cultures grown from an inoculum containing 
75% P. parkeae and 25% T. apiculata (P7s :Tzs culture) . 
very variable, as a result of difficulty experienced in sampling 
cells which had attached themselves to the sides and base of 
the test tubes. The behaviour of P. parkeae was affected in 
bialgal culture in that cells settling out of the growth medium 
attached themselves more firmly to the sides of the test tubes 
than they did in unialgal culture. Many of these cells could 
not be dislodged by the sampling procedure. 
Both species showed significantly increased SGR's when 
grown in bialgal culture (P < 0.001) with P. parkeae 
growing initially significantly faster than T. apiculata (0.38 
cf. 0.22; P < 0.001). The increased SGR of P. parkeae was 
only a short-term effect that ended after 6 days of growth, 
after which P. parkeae cell concentrations started to decrease 
(Figure 3). In contrast to the results of unialgal growth, the 
yield in bialgal culture of T. apiculata was significantly 
higher than that of P. parkeae (5:37 cf. 4.75; P < 0.001) . 
T. apiculata grown in bialgal culture also had a significantly 
higher day-21 count than P. parkeae (3.37 cf. 5.37; 
P < 0.001). 
Varying the species ratio in the inoculum had no signifi-
cant effect on the SGR or the RLPD of either species. 
However, the yield of P. parkeae, while always significantly 
lower than that of T. apiculata, was significantly higher in the 
Pso:Tso and P7s :T2S cultures than in the Pzs:T7S cultures 
(P < 0.001). T. apiculata had a significantly lower yield in 
the P2s :T7S and P7s :T2S cultures and a significantly higher 
yield in the Pso:Tso cultures (P < 0.001). As a result, both 
species had their lowest yields in the Pzs:T7S cultures 
(P < 0.001). While the day-21 count of P. parkeae was not 
significantly affected by the different inoculum ratios used, T. 
apiculata's day-21 count was found to be significantly higher 
in the Pso:Tso cultures (0.01 < P < 0.05). We also found that 
the yield and day-21 count of T. apiculata in Pso :Tso cultures 
were significantly higher than in unialgal culture (0.01 < 
P < 0.05). In contrast, the yield of T. apiculata in Pzs:T7S 
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Table 2 Specific growth rates (SGRs), yields, day-21 counts and relative lag 
phase decrease (RLPOj data of P. parkeae and T. apiculata in all treatments. The 
SGRs are in units of day-' , and yield and day-21 count data are in log,o cell no. 
m!"' . All data are given as mean ± standard error. 
Growth Unialgal 
Species parameter cultures 
P. parkeae SGR O.23::tO.03 
yield 5.38::tO.05 
day-2l count 4.35::tO.15 
RLPD O.66::tO.08 
. T. apiculata SGR O.15::tO.OI 
yield 5.16::tO.08 
day-21 count 5.02::tO.l5 
RLPD O.43::tO.l1 
cultures was significantly lower than in unialgal culture 
(0.01 < P < 0.05), while in P75:T25 cultures T. apiculata's 
yield was not significantly different from ,that in unialgal 
culture. The day-21 count of T. apiculata in P25:T75 and 
P75 :Tzs cultures did not differ significantly from the day-21 
count in unialgal culture. With the exception of P75:T25 
cultures, where P. parkeae's yield was. not significantly 
different from in unialgal culture, the yields and day-21 
counts of P. parkeae in all bialgal cultures were always 
significantly lower than those parameters in unialgal culture 
(P < 0.(01). 
Figures 2, 3 and 4 show that the cell concentration of P. 
parkeae grown in bialgal culture decreased significantly after 
day 6 (P < 0.001). The extent of the drop in cell concentra-
tion was variable. Cell concentrations increased again after 
day 8, but never reached the same levels as occurred on day 6 
(0.01 < P < 0.05). The cause of the drop is unknown. 
Discussion 
We recognized three interactions in this study. The first of 
these resulted in increased SGR's of both species in bialgal 
culture compared with unialgal culture. Within the range of 
inoculum ratios tested in this study, the SGR's were 
independent of the relative inoculum density of either 
species. 
The second interaction resulted in a decrease in the yield 
and day-21 count of P. parkeae after growth in the presence 
of T. apiculata. This corresponds with the observations made 
in the field. The decrease in the yield and day-21 count of P. 
parkeae may be the result of competitive displacement of P. 
parkeae resulting from nutrient-based competition with T. 
apiculata. Competition for nutrients is an important factor in 
determining the species composition of laboratory and 
natural algal populations (Healey & Hendzel 1988; Sommer 
1983). If this interaction is due to competitive displacement 
of P. parkeae, then T. apiculata is the stronger competitor for 
the nutrient which limited the growth of P. parkeae. Growth 
of T. apiculata need not have been limited by the same 
nutrient that limited the growth of P. parkeae (filman 1981; 
Titman 1976). The higher cell concentration of T. apiculata 
usually found in bialgal culture should have intensified 
P25 :T15 Pso :Tso P15 :T25 
cultures cultures cultures 
O.36::tO.14 O.38::tO.05 O.46::tO.11 
4.05::tO.24 4.75::tO.09 4.72::tO.07 
2.99::tO.26 3.37::tO.1l 3.18::tO.07 
O.86::tO.14 O.86::tO.05 O.77::tO.23 
O.24::tO.09 O.22::tO.OI O.24::tO.03 
5.04::tO.13 5.37::tO.06 5.I3::tO.12 
5.04::tO.13 5.37::tO.06 5.13::tO.12 
O.66::tO.13 O.50::tO.06 ...().03::tO.29 
limiting-resource competition between P. parkeae and T. 
apiculata. 
As a result of the third form of interaction, the yield and 
day-21 count of T. apiculata were increased in the presence 
of P. parkeae in Pso:Tso cultures. The mechanism resulting in 
T. apiculata's increased yield and day-21 count is not known. 
If limiting -resource competition was the dominant interaction 
between T. apiculata and P. parkeae, then the yield and day-
21 count of a unialgal culture should have been consistently 
higher than the conspecific yield and day-21 count in a 
bialgal culture. Even if one species completely displaced 
another, its yield should have equalled the yield in 
conspecific unialgal culture. When T. apiculata's yield in 
bialgal culture was measured, P. parkeae was still present in 
the culture in significant amounts . The implication is that a 
product supplied by P. parkeae was the direct or indirect 
cause of the increased T. apiculata yield and daY-21 count. 
One or both of the following mechanisms may have been 
responsible for the increase in T. apiculata's yield and day-21 
count. P. parkeae may have supplied or made available that 
component which limits T: apiculata's growth in unialgal 
culture. Alternatively, P. parkeae could have modified the 
culture environment so that culture conditions approached 
more closely to the optimum growth conditions for T. apicu-
lata. Modification of one environmental factor has been 
found to change the growth optima of other factors in many 
algal species (Bonin et al. 1981; Mickelson et al. 1979; 
Young & King 1980). 
We do not consider the decrease in P. parkeae's cell 
concentration on day 2 to indicate either cell death on 
introduction to a new medium, or the presence of non-viable 
cells in the inoculum. We have found that P. parkeae settles 
out of the medium and firmly attaches to the sides or base of 
the growth vessel in response to a sudden change in the 
environment. T. apiculata seemed to influence the degree and 
strength of the settling behaviour shown by P. parkeae. 
Unfortunately, the variability of this phenomenon precludes 
its establishment as a clear interaction between the two 
species. 
Work by Delucca & McCracken (1977), Mayfield & Inniss 
(1978) and others has indicated that bacteria may complicate 
interactions between algal species. Unfortunately, our study 
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could not be undertaken in axenic culture because initial 
investigations have indicated that P. parkeae requires an 
unknown bacterial product. The latter observation is not 
surprising as P. pseudoparkeae, a closely related species, has 
an absolute requirement for a non-dialysable bacterial by-
product (Aken 1985). Ricketts (1974) notes that the presence 
of bacteria in culture media is essential for the growth of 
many marine Prasinophyceae. The latter includes five species 
of Pyramimonas. 
Care was taken during the establishment of the algal strains 
isolated for this study to ensure that the same bacterial flora 
was introduced into all stock cultures. This was achieved by 
collecting the algae from adjacent tidal pools in the mid-
littoral zone. These pools were flushed at every high tide and 
would have had matching bacterial populations. As an added 
precaution, we greatly reduced the number of washes in the 
single-cell isolation process. These precautions caused the 
natural bacterial flora to be introduced to stock cultures along 
with the algal cells, and hence minimized differences in the 
bacterial flora of the stock cultures. Consequently, while it is 
possible that bacteria acted as intermediates in the interaction 
between P. parkeae and T. apiculata, it is unlikely that 
bacteria interfered with algal growth to the extent of causing 
any of the interactions mentioned here. 
To help explain the superior competitive ability of T. 
apiculata we comment briefly on two aspects of the biology 
of both species. T etraselmis is known to undergo a rhythmic 
diurnal settling during the period of cell division in the 
growth cycle (Grant & Vadas 1976; Tanoue & Aruga 1975). 
Initially it seemed that energy saved by T. apiculata while 
cells were non-motile might contribute to T. apiculata's 
competitive advantage. However, although Pyramimonas is 
reported to remain motile throughout its cell division cycle 
(Aken & Pienaar 1981; Pearson & Norris 1975), our observa-
tions on P. parkeae have since revealed a rhythmic diurnal 
settling behaviour similar to that shown by Tetraselmis 
(Griffin & Aken unpublished). Any savings in cellular energy 
experienced by T. apiculata due to its period of non-motility 
will be approximately matched by the comparable energy 
savings of P. parkeae. Consequently, we do not believe that 
energy savings by T. apiculata as a result of settling 
behaviour can significantly contribute to T. apiculata's 
competitive superiority. 
Another possible interpretation lies in the observation that 
Pyramimonas loses a greater proportion of its photoassimi-
lated carbon into the surrounding medium than does 
Tetraselmis (Hellebust 1965). However, it must be noted that 
Tetraselmis also loses metabolic carbon in the form of thecae 
cast off by parental cells during cell division (Norris et al. 
1980). Pyramimonas, on the other hand, has a scale vestiture 
(McFadden et al. 1986; Norris & Pearson 1975) which is not 
lost but is partitioned between daughter cells when parental 
cells divide by binary fission (Aken 1985). If differential 
energy loss is to be used in explaining the competitive 
superiority of T. apiculata, then the attrition of cellular 
energy in this taxon by combined loss of photoassimilates 
and discarded thecae must not exceed the loss of photo-
assimilates alone in P. parkeae. 
In summary, the results of our study are consistent with 
field observations indicating that T. apiculata outcompetes P. 
parkeae under conditions of nutrient enrichment. The exact 
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mechanisms of interaction between the two species are, 
however, still not known, although competition for nutrients 
probably plays a significant role. We are working at present 
to determine the bacterial growth factor required by P. 
parkeae. Once this bacterial growth factor is known, axenic 
culture studies can be used to investigate more closely the 
interactions between these two species. 
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